ABSTRACT. Pseudevernia furfuracea L. (Zopf), Peltigera praetextata (Flörke ex Sommerf.) Zopf, Lobaria pulmonaria (L.) Hoffm., and Usnea longissima Ach. lichen species were used as bioindicators to assess the genotoxicity of air pollutants. In the present study, we examined significant environmetal pollutants and investigate how changes may lead to damage in DNA structure using RAPD markers. In the study area (Erzurum, Turkey), poor-quality lignite, which generates a large amount of sulfur dioxide, nitrogen oxides, and particle matter, is used for domestic heating, and vehicles also contribute to air pollution. Control lichen samples were collected far from large urban and industrial settlements and transplanted to four polluted sites for 4, 8, or 12 months. The total soluble protein content of the examined four lichen species did not significantly change with exposure time (P < 0.05). The four lichen samples exposed to the pollutants for 8 months had the highest ratio of DNA changes. The ratio of band differences (2015) in P. praetextata was higher than that in the other three lichen species, possibly because it has broad leaves that accumulated more pollutants. The average incidences of polymorphism were 64.14, 54.58, 65.76, and 43.06% for P. furfuracea, P. praetextata, L. pulmonaria, and U. longissima, respectively. The genomic template stability (GTS) significantly decreased following exposure to pollutants. GTS ratios revealed that the highest value (98.36%) belonged to U. longissima samples from Site 1 (10 m) after 4 months of exposure, and the lowest values belonged to P. praetextata (73.58%) from Site 3 (100 m) after 8 months of exposure. Based on our findings, we recommend the use of P. praetextata as an indicator of genotoxicity.
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INTRODUCTION
Air pollution is a serious environmental problem in modern cities. Metals are classified as amongst the most dangerous groups of anthropogenic environmental pollutants, due to their toxicity and persistence in the environment. Consequently, the evaluation of levels of metal deposition is of vital importance for the assessment of human exposure. Pollutants that are emitted from automobiles are very diverse. Fossil fuels contain many kinds of heavy metals that are emitted into the environment during combustion (Pecheyran et al., 2000) . It is well known that automobiles are not only responsible for heavy metal pollution (Cu, Zn, and Pb), but also for many other pollutants (e.g., hydrocarbons, nitrogen oxides, carbon monoxide, and carbon dioxide) (Çiçek and Koparal, 2003) .
Vehicles (cars, buses, trucks, etc.) and industrial sources (factories, refineries, power plants, etc.) cause air pollution in urban areas, and many techniques have been developed to determine the levels and sources of this pollution. One of these methods is using organisms to identify and monitor air pollution (Conti and Cecchetti, 2001) . Many different organisms have long been recognized as sensitive indicators of environmental conditions. Lichen species show differing degrees of sensitivity to air pollution, but are generally adversely affected by sulfur dioxide, heavy metals, fluorides, nitrogen oxides, and peroxyacetyl nitrate (Canas et al., 1997) .
Several studies on lichens in relation to air pollution and metal deposition in different regions of the world have been conducted (Canas et al., 1997; Najera et al., 2002) . Many studies have used the technique of lichen transplantation to monitor air pollution, and shortterm transplantations may be an easy and economical method to monitor airborne pollutants (Canas et al., 1997) . In Turkey, a large number of pollution-monitoring studies that have used biological and chemical methods have shown the ability of lichens to absorb elements directly from the air and accumulate them in their tissues (Cansaran-Duman et al., 2009 , Guidotti et al., 2009 Cansaran-Duman, 2011; Aslan et al., 2004 Aslan et al., , 2010 Aslan et al., , 2011 .
Heavy metals, including essential ones, are genotoxic after exposure to certain dosages for long periods, and can cause damage such as additions, deletions, and point mutations in nucleic acids. Some of this damage may be repaired by mutation-repair mechanisms, but some could remain. In recent studies, it has been shown that changes in DNA due to genotoxic agents can be analyzed with DNA fingerprinting methods, such as random amplified polymorphic DNA (RAPD) and amplified fragment length polymorphism (Labra et al., 2003; Liu et al., 2005; Cenkçi et al., 2009; Aksoy-Körpe and Aras, 2011) . Lichens have been used in the bioindication of metal accumulation for a long time, and physiological and chemical parameters have been used to evaluate environmental damage to lichens (Liu et al., 2005) . However, several studies have also been published that have investigated the protective capacity of lichens against genotoxic agents, and lichens' putative genotoxicity indicator potential (Geyikoğlu et al., 2007; Agar et al., 2010; Cansaran-Duman et al., 2011 , 2014 Aras et al., 2012; Güner et al., 2012) .
Biological methods allow the direct assessment of the genotoxic potential of air contaminants, and lichens are considered sensitive and effective indicators of genotoxicity. The objective of the present study was to evaluate the genotoxic potential of four lichen species: Pseudevernia furfuracea L. (Zopf), Peltigera praetextata (Flörke ex Sommerf.) Zopf, Lobaria pulmonaria (L.) Hoffm., and Usnea longissima Ach. Our aim was to detect changes in RAPD profiles in control lichen species, in order to reveal the patterns of genetic variation influenced by traffic-originated metal pollution.
MATERIAL AND METHODS

Study area
Erzurum is located between 41°16''E longitude and 39°55''N latitude at an altitude of approximately 1950 m above sea level. It is on the southeastern part of a high plateau, and is one of the largest cities in Anatolia. The area is surrounded by the Dumlu Mountains to the north and the Palandöken Mountains to the south. Spring is wet, summer is hot and arid, and winter is cold and snowy. The annual mean temperature is 6°C, the lowest monthly mean is -8.3°C, and the highest monthly mean is 20.2°C. The mean temperature is below 8°C for approximately 220 days of the year.
Lichen material
P. furfuracea, P. praetextata, L. pulmonaria, and U. longissima samples were collected with part of their substrate in unpolluted areas located far from large urban or industrial settlements (Table 1) . Each of the four lichen species were studied with three lichen control samples collected from different substrates within the same area (max. 10 m away from each other). The specimens were identified by studying their morphology, anatomy, and chemistry (Purvis et al., 1992; Wirth, 1995) . The lichen was attached to non-metal cages (50 cm 2 ) to avoid metal contamination. The cages were mounted at a height of 10 cm on wooden stands that were 5 m away from a road. Four lichen species were transplanted onto trees that were 10, 50, 100, or 200 m from a main road and they were exposed to pollution for 4, 8, or 12 months after transplantation (Table 2) .
Total soluble protein level
Lichen thalli were homogenized (1:1, w/v) with 0.2 M phosphate buffer, pH 7.0, using a cold mortar and pestle. The homogenate was centrifuged at 27,000 g for 20 min. The supernatant was used for assays of the total soluble protein content, which was determined according to Bradford (1976) , with bovine serum albumin included as a standard.
Genomic DNA isolation and RAPD procedure
The sample collected from Dereli-Giresun, which should not have been exposed to any kind of contamination, was used as a control in RAPD experiments. DNA extraction was performed according to the protocol defined by Aras and Cansaran (2006) . The concentration and purity of the DNA extracted was measured at OD 260 and at 260/280 nm absorbance ratios using a NanoDrop TM ND-1000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Primer screening for RAPD analysis was performed using 13 primers (Table 3) , and five of the 13 primers amplified clear and reproducible bands. A polymerase chain reaction (PCR) was performed in a reaction volume of 25 µL that contained 200 ng genomic DNA, 2.5 µL 10X reaction buffer, 2.5 mM MgCl 2 , 20 µM dNTPs, 0.2 µM primer, and 0.5 U Taq polymerase (Promega, Madison, WI, USA), and ddH 2 O was added to the standard volume. The PCR was performed in a Biometra Thermal Cycler (Labrepco, Horsham, PA, USA). The PCR program consisted of the following steps: initial denaturation at 94°C for 30 s, annealing at 36°C for 1 min for 35 cycles, extension at 72°C for 45 s, and a final extension at 72°C for 8 min. The amplified samples were loaded on 1.2% agarose gels (a mixture of 50% agarose and 50% Nu Sieve GTG agarose; FMC Corporation, Wokingham, UK), and run at 100 V for 4 h. For the detection of other DNA contaminants, a negative control PCR mix, without any template DNA, was also used. To test the reproducibility of the RAPD-PCR, the experiments were repeated at least twice for each primer, faint bands were ignored, and only reproducible bands obtained from repeated experiments were considered.
Statistical analyses
The criteria for the analysis of the RAPD profiles were the bands that appeared in the control samples (Table 4) . Polymorphisms observed in RAPD profiles include the disappearance of a control band and the appearance of a new band (Atienzar et al., 1999; Liu et al., 2005) (Table 5 ). The genomic template stability (GTS%) was calculated as: 
where a represents the RAPD polymorphic profiles (the total number of polymorphic bands obtained for the five primers) in each sample exposed to environmental pollution around the city of Erzurum, and n represents the total number of bands in the control. Changes in the RAPD patterns were expressed as decreases in the GTS, which was related to the change in the number of RAPD profiles generated by the lichen samples in the polluted areas in relation to profiles obtained from the control lichen samples (Table 6 ).
Names of primer
Sequence of primers (5'→3') Table 3 . Sequence of the primers used in this study.
RESULTS
Effect of pollution on total soluble protein levels
The total soluble protein levels are presented in Figure 1 . The total soluble protein content profiles of the control samples were similar to those of the four experimental lichen species. The total soluble protein content did not change significantly with exposure time to pollution (P < 0.05).
RAPD-PCR profiling of the control and experimental samples
Thirteen different primers were used for the RAPD analysis (Table 3) , and five of the primers yielded clear and reproducible bands. We evaluated five primers in the experimental samples and compared them with the control samples ( Table 4 ). The profile obtained by the OPC02 primer is shown in Figure 2 . The DNA concentrations of the samples were in the range 458 to 3624 ng/µL, and the 260/280 nm ratios ranged from 1.61 to 1.78. Some of the primers exhibited significant differences between the control and experimental samples in various parts of Erzurum (Table 4) .
In this study, the control sites were located far from the experimental sites. Three different control samples for each species, which were collected randomly from different substrates, were used. Of the four sites, Site 3 was the closest to sources of pollution, as it was located near a road in Erzurum. Site 4 was close to Atatürk University. The highest band variations were found in these sites. Sites 1 and 2 were also close to a road (Table 2) . Pollutants are probably emitted into the atmosphere from these sites by wearing of engine accent of vehicles in traffic. S1, S4, S7, S10 = 4 months; S2, S5, S8, S11 = 8 months; S3, S6, S9, S12 = 12 months. Table 6 . Changes of genomic template stability (GTS) for all primers in this study.
Changes in band numbers, in the form of band appearances and disappearances, were determined (Table 4 and Figure 2 ). The highest number of band appearances and disappearances was found at Site 3 (100 m) after 8 months of exposure. The molecular size of the disappearing bands ranged from 427 to 1632 bp. Sites 2 and 4 also exhibited a higher number of band appearances and disappearances than the control samples.
Pollutants are probably emitted into the atmosphere by the engines and tires of vehicles, and may be present in the fuel composition of exhausts. P. praetextata was the greatest accumulator of pollution.
In a previous study, conducted in parallel with the same samples, some of the heavy metal concentrations were determined, and the lowest levels of heavy metals were found in U. longissima (Çiçek et al., 2008) . The RAPD patterns generated in lichens from polluted sites were clearly different from those generated in the control group, and changed with increasing pollution. Site 1 was far from Erzurum's main road and had the lowest traffic density, which may have resulted in a low level of genotoxic effects, as the samples from this location exhibited the lowest GTS. The greatest genotoxic effects were found after 8 months of exposure at Site 3, which was the most polluted (19,872 vehicles/day; Table 2 ). Genotoxic effects on the four lichen species tended to decrease from high-density traffic areas to low-density (7056 vehicles/day) traffic areas. In addition, as Figure 2 shows, the optimal RAPD patterns obtained with all of the primers confirmed that the variation in the bands was stable. Random amplified polymorphic DNA profiles generated by the OPC02 primer from Peltigera praetextata and Usnea longissima samples exposed to polluted areas in Erzurum, Turkey. Lane M = molecular weight marker (100-bp ladder).
The primer OPC02 yielded 12 clear, reproducible bands in the P. praetextata control, and after 8 months of exposure bands disappeared and reappeared in polluted samples from Site 3 (100 m) in Erzurum (Table 4 ). The same primer yielded more band appearances and dis-appearances in the other examined lichen species (P. furfuracea, L. pulmonaria, and U. longissima) after 8 months of exposure (Table 4) . A total of 53 bands in P. praetextata were amplified by five primers in the control samples, which generated bands between 8 (OPC01) and 13 (OPC10), with an average of 11 bands per primer (Table 4 ). For P. furfuracea, L. pulmonaria, and U. longissima, 65, 69, and 61 bands, respectively, were amplified. The RAPD profiles exhibited substantial differences between the control and polluted samples. In addition, variation in the number of amplified DNA fragments depended upon the distance from the source of pollution. In total, 47, 31, 20, and 29 normal RAPD bands of the control samples disappeared in P. praetextata, P. furfuracea, L. pulmonaria, and U. longissima, respectively. The highest number of disappearing bands for the primers OPC02 and OPC03 were at Site 3 after 8 months of exposure (Table 4) . OPC02 exhibited its maximum number of band disappearances and appearances (out of 14 bands) after 8 months of exposure in P. praetextata (Table 4) .
The total band variations (a+b) are also displayed in Table 4 . The exposed sample in P. praetextata exhibited 105 band variations, and P. furfuracea exhibited 85, L. pulmonaria 76, and U. longissima 57. The P. praetextata and P. furfuracea samples transplanted to polluted sites in Erzurum exhibited greater DNA variation than did L. pulmonaria or U. longissima (Table 4). The number of new band appearance at all of the sites was very low, in all of the lichen species. The number of disappeared bands was highest at Site 3 after 8 months of exposure, and lowest at Site 1 (10 m) after 4 months of exposure (Table 4 ). The amount of band variation also seemed to depend on the distance from a pollution source. The greatest amount of band variation was observed at Site 3, where human activity and traffic density was high, after 8 months of exposure in P. praetextata. Our results are in accordance with the morphological features of lichens. P. praetextata has broad leaves and contained the highest metal concentrations, whereas U. longissima has narrow leaves and contained the lowest metal concentrations, indicating that surface area is an important factor in lichen metal trapping. The accumulation of heavy metals in lichens is strongly correlated with concentrations of airborne heavy metals (Ferry et al., 1973) .
Samples that were from sites that were close to sources of pollution (e.g., Site 1) exhibited a higher number of polymorphisms in their RAPD profiles than did the control samples (Table 5) . Of the primers used, OPC02 exhibited the highest number of polymorphisms. The ratio of polymorphisms was calculated as the number of polymorphic bands/total bands x 100 (Table 5 ). According to this calculation, the appearance of a new band, or the disappearance of an existing band, in comparison with a control, is considered polymorphic. Changes in band intensity were ignored, as they rarely occurred.
The GTS is related to the level of DNA damage and the efficiency of DNA repair and replication. Therefore, a high level of DNA damage does not necessarily decrease the GTS (in comparison to a low level of DNA alteration), because DNA repair and replication are inhibited by a high frequency of DNA damage. The GTS results are presented in Table 6 . The highest GTS value was detected at Site 1 (98.3%) in U. longissima, and the lowest was found at Site 3 (73.5%) in P. praetextata (Table 6) .
DISCUSSION
In the present study, we found significant differences between lichen specimens from four polluted sites and controls in RAPD patterns, which exhibited apparent changes (the disappearance of a normal band and/or the appearance of extra bands) in the number and size of amplified DNA fragments. The changes observed in the RAPD patterns were probably due to the DNA alterations caused by heavy metals and other kinds of pollutant. Table 4 summarizes the alterations detected in RAPD profiles. All three controls, in all of the experiments, exhibited the same banding pattern. The RAPD profiles generated by primer OPC02 are shown in Figure 2 . The highest number of band changes (14) was detected at Site 3 after 8 months of exposure in P. praetextata.
Air pollution represents a threat both to the environment and to human health, and it is estimated that millions of tons of toxic pollutants are released into the air each year. Mines, metal foundries, cement factories, power plants, compost factories, waste treatment facilities, and busy roads are examples of emission sources of genotoxic agents, particularly heavy metals such as Cr, Ni, Mn, and Pb. Furthermore, using coal for heating in cities causes a considerable amount of heavy metal pollution. As a result, the detection of DNA polymorphisms using RAPD analysis could be used as an investigative tool in environmental toxicology, after rigorously optimizing its conditions of use.
The detection of genotoxic effects using RAPD involves the comparison of DNA amplification profiles generated from control (unexposed) and exposed samples. The changes in RAPD profiles must be interpreted carefully. Indeed, the frequency of band appearances and disappearances may allow a better understanding of the results. In the current study, DNA damage induced by various environmental pollutants, and other factors, was reflected by changes in RAPD profiles: the disappearance of normal RAPD bands and the appearance of new PCR products. It has been suggested that alterations to RAPD profiles due to genotoxic exposure can be regarded as alterations to the GTS (Atienzar et al., 1999) . The results indicate that the GTS in P. praetextata was significantly affected by pollution near the main road in Erzurum (Table 6 ). According to Liu et al. (2005) , modifications of band intensity and lost bands are probably due to one or a combination of the following events: 1) changes in oligonucleotide priming sites, mainly due to genomic rearrangements, and, to a lesser extent, point mutations; 2) DNA damage to the primer binding sites; and 3) interactions between DNA polymerase and damaged DNA in the test organism. However, the appearance of a new DNA band could occur, because some oligonucleotide priming sites could become accessible to oligonucleotide primers after structural change, or because changes in DNA sequences have occurred due to mutations, large deletions, and/or homologous recombination (Atienzar et al., 1999) .
A differential rate of increase in metal concentrations has been found both in samples from transplant studies and in samples exposed to heavy metals for longer periods of time. In studies in which Pb pollution has been investigated, Ward (1989) and Al-Chalabi and Hawker (2000) found that Pb pollution gradually increases in areas close to roads. Laaksovirta et al. (1976) , Kapu et al. (1991) , Garty et al. (1997), and Scerbo et al. (2002) , as well as many other researchers, have reported similar results in lichens. The samples located in bags close to roads and the samples collected from areas close to roads contained very high Pb concentrations. The genotoxic effects of pollutants have been investigated in several studies (Savva, 1998; Atienzar and Jha, 2006) . It has been shown that Hg and Cr can induce such DNA damage in organisms as single-and double-strand breaks, modified bases, abasic sites, DNA-protein crosslinks, oxidized bases, 8-hydroxyguanine, and even bulky adducts (Zhou et al., 2011 ). Xu et al. (2008 reported that Zn can also induce DNA strand breaks. However, to our knowledge, little information is available on lichens' potential genotoxicity indicator capacity against pollutants. In our laboratory, studies on lichen genotoxicity have begun in recent years (Aras et al., 2010; Cansaran-Duman et al., 2011) , and DNA alterations in exposed P. furfuracea sam-ples and Evernia prunastri samples have been investigated using RAPD analysis, in order to reveal the patterns of genetic variation caused by various environmental pollutants (CansaranDuman et al., 2011 (CansaranDuman et al., , 2012 (CansaranDuman et al., , 2014 Aras et al., 2012) . The findings of the current study confirm the notion that environmental pollutants, particularly heavy metals, cause DNA damage in organisms, and demonstrate the potential of RAPD analyses to monitor levels of genotoxicity in lichens. According to a previous study , the highest numbers of band changes in E. prunastri were found at Site 8, which is close to an iron and steel factory, and Site 10, which is close to an iron and steel factory in Karabük. In the present study, P. praetextata exhibited great ergenotoxic effects than P. furfuracea, L. pulmonaria, or U. longissima. Heavy metals are a major component of air pollution, and many studies have shown that concentrations of absorbed heavy metal elements in lichen samples increase with increasing proximity to polluted areas such as busy roads and steel mills, and are also dependent on exposure time. In the current study, genotoxic effects in all of the examined lichen species were much higher at Site 3 (which had the highest traffic density) than at the other sites.
PCR-based fingerprinting methods provide an efficient tool for the investigation of mutational changes. RAPD analysis can help determine not only the mutational effects of heavy metals, but also the mutational effects of organic and inorganic genotoxic agents on different organisms (Labra et al., 2003) . These methods are useful, particularly for pollution studies, as they can quickly compare polluted and non-polluted samples simultaneously (Liu et al., 2005) . In this study, lichen samples close to pollution sources were compared in order to provide genotoxicity information of the variety of pollutants found in the air. A number of polymorphic bands were observed in the P. praetextata samples taken from areas close to roads (Site 3). The results of a previous study, conducted in parallel, which found high levels of heavy metal deposition in the same samples, confirm the elevated levels of environmental pollution in the area (Çiçek et al., 2008) .
GTS is a qualitative measure that measures changes in RAPD profiles. The GTS may be related to the level of DNA damage and the efficiency of DNA repair and replication (Atienzar et al., 1999) , and could explain the appearance and disappearance of bands.
The lowest GTS values for P. praetextata, P. furfuracea, L. pulmonaria, and U. longissima at Site 3 were 73.58, 83.07, 84.05, and 86.88%, respectively (Table 6 ). The lowest GTS values were obtained in the lichen samples from Site 3, which may indicate the sensitivity of lichens to genotoxic stressors. Previous studies have also indicated that mutations, chromosomal rearrangements, and other DNA lesions could be the reason for variations in RAPD band patterns. It has been demonstrated that changes in RAPD profiles induced by pollution could be regarded as modifications to the GTS. Therefore, as stated by Atienzar et al. (2000) "a high level of DNA damage does not necessarily decrease the genomic template stability because DNA repair and replication are inhibited by the high frequency of DNA damage". As a result, even a one-band change or a slight decrease in the GTS might be important in an RAPD assay.
Our results indicate that the GTS could also be directly compared with variations in other parameters. It has been reported that the GTS is more sensitive than the soluble protein content in the lichen thallus (Liu et al., 2005 ). In the current study, the effect of pollutants on the total soluble protein content in lichens was also investigated. Total soluble protein content is an important indicator of reversible and irreversible alterations in metabolism, and can also be used as a biomarker (Singh and Tewari, 2003) . The results obtained of the total soluble protein levels in response to pollutants in the four lichen species investigated are presented in Figure 1 .
The aim of the current study was to investigate the genotoxic effects of a mixture of environmental pollutants on organisms under natural conditions. In this regard, the induction of DNA band changes with one kind of stressor found in air pollution could provide evidence of the genotoxic potential of air pollution. In a previous study, a controlled experiment with one type of heavy metal treatment was conducted in our laboratory in order to examine the effects of a genotoxic agent in a controlled environment (Aras et al., 2010) .
The best way to determine environmental genotoxicity maybe the direct quantification of the genotoxic effects of pollutants on living organisms. The present study shows the suitability of lichen for the detection of genotoxicity, and also provides information on levels of potential genotoxic agents. In conclusion, the lichen species P. praetextata has great potential as an indicator of genotoxicity, and using RAPD markers is a cheap and reliable method for studying genotoxicity in lichen.
